This paper examines the flow structures emanating from convergent-divergent nozzles with conical sections like those used in practical high-speed propulsion applications. LES simulations and experimental measurements in the form of PIV and shadowgraph imaging and far-field acoustic measurement are employed. The development of the supersonic jets from these nozzles are examined in underexpanded, perfectly expanded and overexpanded conditions. It is found that in addition to the shock diamond features expected of smoothly contoured nozzles at off-design conditions, these nozzles produce a second set of shock diamonds anchored at the nozzle throat and overlaid on the shock diamonds shed from the nozzle lip. These together form a doublediamond appearance. These nozzles do not exhibit any shock-free condition at or near the expected design condition. As a consequence, there is no absence of shock noise at or near the design condition. Near the design condition there is a diminution in the intensity of the screech tone, but no diminution in the broad-band shock-associated noise. These nozzles produce shock cells 9%-25% shorter than cells from a comparable smoothly contoured nozzle. 
Introduction
Since the early twentieth century it has been recognized that convergent-divergent nozzles when operated off-design generate semi-periodic shock diamonds, as shocks and PrandtlMeyer fans alternate in the jet plume [1] . For well-designed smoothly-contoured C-D nozzles with parallel exit flows it is expected that by matching the nozzle pressure ratio to the design nozzle pressure ratio the exit pressure will match the ambient pressure and the jet plume will be shock free. Recent studies with conical C-D nozzles have revealed that these nozzles generate shock diamonds even when operated at their design condition. They also generate a second set of shock diamonds superimposed on the first generating a doublediamond pattern [2] . The presence or absence of shocks in the jet plume have a significant effect on the acoustic emissions of the jet introducing screech and broadband shock associated noise into the spectra. In previous work [2] the present authors have made an initial examination of the acoustics and found no shock free spectra emanating from conic C-D nozzles operating at or near their design conditions. In this paper we will concentrate on the flow physics, applying PIV and numerical simulations to gain a better quantitative description of the jet plume flow structure.
Most studies of convergent-divergent nozzles employ nozzles with smoothly varying contours designed by the method of characteristics to produce shock-free flow at the design condition. The contours of these nozzles approach cylindrical at the exit so that they produce parallel flow. Such contours present a practical problem for the designer of a highperformance jet engine exhaust nozzle. Since the aircraft must operate over a range of atmospheric conditions and power levels, a variable-geometry nozzle is generally required. This allows the area ratio to be changed in flight to adapt to conditions and thrust requirements. While it is possible to design a variable geometry nozzle with smooth contours, such a nozzle would be complex and heavy. What is commonly done in highperformance jet aircraft exhausts is to employ a variable geometry nozzle with flat plates in the convergent section and flat plates in the divergent section with seals between so that the plates make a cross section that is polyhedral and approximates a circular cross section. The plates are hinged between the convergent and divergent sections making a relatively sharp corner at the throat. Such a nozzle trades a reduction in nozzle efficiency for a reduction in weight and complexity. The nozzles employed in this study are simplified static models of these actual variable geometry nozzles. The geometries are shown in Figure 1 . The cross sections are circular rather than polyhedral so the surfaces of the convergent and divergent sections are conic.
The study reported in this paper is primarily the experimental component of a joint research effort on supersonic jet noise with experiments being conducted at the University of Cincinnati (UC) and numerical simulations at the Naval Research Laboratory (NRL). Our technical approach is to design and fabricate representative nozzles, conduct experiments and acquire data, compare this information to validate the numerical simulations, and then use both experiments and simulations to understand the sources of the jet noise before ver 1.05 investigating methods to reduce the noise. Thus, we focus on the predictions of the near-field flow and acoustic properties. The present paper involves examination of the flow physics.
The nozzle geometries used in this research are representative of practical military engine nozzles. Such nozzles do not have smoothly varying contours designed by the method of characteristics to produce shock-free jet flows at the design condition. Instead, they typically have a conical converging section, a sharp throat and a conical diverging section, which allows the area ratio to be changed in flight to adapt to local conditions and thrust requirements. This geometry does not approach a cylinder at the exit, so unless the flow is massively separated they can never produce parallel flow. Turning of the flow at the exit will be necessary and this will produce shocks or Prandtl-Meyer waves in the jet even when it is perfectly expanded.
Experimental Facility and Procedure
The Gas Dynamics and Propulsion Laboratory at the University of Cincinnati (UC-GDPL) has a scale model of a separate-flow jet engine exhaust system. For the present experiment, the secondary flow has been disconnected and its high-mass-flow piping has been connected to the primary flow outlet. The secondary flow outlet has been covered by a shroud (see Figure 1b . These nozzles differ from the commonly used smoothly contoured nozzles. The converging and diverging sections are conic in shape and the throat is a sharp corner. The inner wall slope, dr/dx, is non-zero at the exit. This is a more accurate representation of the interior shape of a variable-geometry tactical jet nozzle. One completed test article is shown in Figure 2 .
Instrumentation
The model is mounted in the University of Cincinnati Acoustic Test Facility (UC-ATF) which is a 24' x 25' x 11' test chamber which has been acoustically treated to be anechoic down to 350 Hz (Figure 2 ). This chamber includes fixtures for far-field microphone measurements and has a removable acoustic treatment on the floor. When the acoustic floor tiles have been removed there is ample space to bring in instrumentation for flow measurement.
The high gradient features in the flow are visualized by the shadowgraph technique. An Oriel 66056 arc lamp is used for illumination. A pair of 12" parabolic first-surface mirrors with a 72" focal length are employed to collimate the light before the model and then to refocus the beam after. The image is captured with a LaVision Imager Intense crosscorrelation CCD camera with 1376 x 1040 pixel resolution and 12-bit intensity resolution. ver 1.05 This gives a spatial resolution on the order of 0.01" or 0.004 throat diameters. A 28-300 zoom lens is mounted to the camera which allows optimization of the field of view. The aperture is left completely open and exposure is controlled by mounting a filter. Averaging 100 images eliminates the turbulence and gives a clear view of the shock and Prandtl-Meyer waves.
Detailed flow-field mapping is performed by Particle Image Velocimetry (PIV). The PIV system is built by LaVision and the entire PIV suite, laser and cameras are mounted on a traverse which allows the system to be translated, undisturbed, to any streamwise location allowing many fields of view to be measured without the loss of time in changing setups and without the uncertainties which come from repeated adjustment of components. The flow is seeded with olive oil droplets with diameters on the order of 1 μm. A 500 mJ New Wave Research nd:YAG double-pulse laser is passed through sheet-forming optics to illuminate the seed and the images are captured by a pair of LaVision CCD cameras with 1376 x 1040 pixel resolution and 12-bit intensity resolution.
Numerical Approach
The unsteady three-dimensional inviscid, compressible flow equations are solved with a finite element code FEFLO on unstructured tetrahedral grids [3] . This code is capable of accurately representing complicated geometries, such as the nozzle geometries used in this work. The Flux-Corrected Transport (FCT) algorithm is used for the spatial discretization and a second order Taylor-Galerkin scheme is used for the time integration. FCT is ideal for the shock containing flows because it is high-order, conservative, monotone and positivitypreserving [4] . No explicit subgrid scale model is used and the modeling of subgrid scales is implicitly provided by the embedded flux limiter. The present simulations are in the category of monotonically integrated large eddy simulation (MILES) approach [5] .
Characteristic boundary conditions are applied to both far field and outflow boundaries, and the total pressure is kept constant at the inlet of the nozzle. Fine grids are clustered around the nozzle and the wake region Figure 3 . This fine mesh domain covers roughly 3 nozzle diameters in the radial direction, 5 diameters upstream of the nozzle exit and 25 diameters downstream. Very coarse grids, however, are used in the far field regions to avoid wave reflections from the numerical boundaries. The grid used is shown in Figure 3 . Both overexpanded and underexpanded jet flows from the CD nozzle with the design Mach number of 1.5 are simulated. The details of the numerical approach and its validation have been presented elsewhere [6] . Figure 4 shows shadowgraph images for a range of NPRs including overexpanded, perfectly expanded, and underexpanded cases. The upper corner of the nozzle is clearly visible in each image. The lower corner is less obvious, but it does appear slightly within the field of view.
Results
There are shock diamonds apparent in all the shadowgraph images, including the image for the case with perfect expansion M j = M d = 1.5. This indicates that the conical C-D nozzles ver 1.05 studied in this paper do not achieve a shock-free condition at the design condition. In order to exclude the possibility that some small error in construction had shifted M d or some small instrumentation error had caused us to be off in M j a shadowgraph movie was taken of the nozzle as the set-point was slowly varied through a range from M j = 1.22 through M j = 1.71 (NPR = 2.0 up to NPR = 5.0), including the points around M j = 1.5 where quasi 1-D theory predicts perfect expansion. Careful observation of the movie reveals that there is no condition with an M j greater than or equal to 1.22 in which the jet is shock free.
All shadowgraph images for M j near the design condition show a double-diamond pattern rather than the typical single diamond shock pattern we expect from previous laboratory work on smoothly contoured nozzles. We see one diamond pattern originating at the nozzle lip, passing through the jet centerline and reflecting at the shear layer, but we also see a second pattern originating inside the nozzle, reflecting just past the nozzle exit and then passing through the jet centerline. As we move to lower M j the separation between the two diamonds becomes smaller and by M j = 1.22 they are indistinguishable if in fact there are still two patterns. As we move to higher M j we still see multiple lines in the shadowgraph, but interpreting them becomes more difficult.
The second diamond structure produced by this class of nozzle has its origins inside the nozzle. We can see what appears to be a shock emerging from the nozzle and reflecting just past the nozzle exit. It appears as a bright band just past the nozzle. For NPR = 2.50, the band is 0.04D e past the nozzle exit. For the remaining cases it is 0.06D e or 0.07D e past the exit.
We can also see straight lines emerging from the nozzle near the centerline and parallel to it. In the M j = 1.22 case we can see an additional set of parallel lines farther from the axis shed from the Mach disk created by the lip shock. This suggests that these parallel lines are slip lines, and that their presence crossing the nozzle exit plane indicates that there is a Mach disk inside the nozzle as well. This interpretation is supported by LES.
Flow-field simulation by LES is shown in Figure 5 for the median nozzle, M d = 1.50, and for a slightly underexpanded case, M j = 1.56. Mach number contours are shown from upstream of the throat to x/D e = 1. The grid resolution is increased near the centerline and also around the nozzle exit to capture the Mach disk and the double diamond structure. The LES is in excellent agreement with the shadowgraph. It shows the double diamond structure with the second diamond originating at the nozzle throat and forming a Mach disk and slip line. The slip line emerges from the nozzle and the onward shock waves from the internal Mach disk emerge from the nozzle and reflect from the shear layer at x/De = 0.1.
Earlier LES cases previously published in [6] are shown in Figure 6 . In these earlier simulations, although the grid resolution near the centerline was not sufficient to capture the Mach disk, and the grid resolution near the nozzle lip was also too coarse to clearly capture the double-diamond pattern of shock cells, the shock originating at the throat and most of the acoustic characteristics of this jet were still captured [6] . Three conditions were run M j = 1.47, 1.50 and 1.56 representing overexpanded, perfectly expanded, and underexpanded conditions. Static pressure and Mach number distributions are shown from upstream of the ver 1.05 throat to two exit diameters past the nozzle exit. All three cases are strikingly similar. For a conventional contoured nozzle one would expect the shock train to initiate at the nozzle lip for the over-and underexpanded cases and no shocks or Prandtl-Meyer waves at all for the case of perfect expansion. What we see instead is a shock-cell structure which is strikingly similar for all three cases. There is a shock shed from the throat which interacts with the shock or Prandtl-Meyer wave shed from the lip. This throat shock is present even when the exit pressure matches the ambient pressure and sets off a shock train in the case where a contoured nozzle would yield a shock-free flow.
Particle Image Velocimetry (PIV) was taken in streamwise planes through the axis for all three nozzles. For each case pressure ratios were selected to represent overexpanded, design conditions and underexpanded conditions. At pressure ratios above the design condition, where the exit pressure is above the ambient pressure, a Prandtl-Meyer wave is emitted from the trailing edge lip as the flow turns outward. This wave reflects at the centerline and upon reaching the shear layer reflects inward as a compression which coalesces as a shock forming the next cell. For the higher M j the shear layer is curved generating the classical barrel shaped cells of the significantly underexpanded jet.
All of these features form the diamond shock-cell pattern expected of smoothly contoured nozzles, designed in accordance with the method of characteristics. The nozzles under study in this paper, with conic contraction, a sharp throat and a conic expansion section also include additional features. There is a second shock emanating from inside the nozzle, passing through the lip shock or Prandtl-Meyer fan and reflecting off the shear layer and setting up a second diamond pattern overlaid on the cells from the nozzle lip.
A feature faintly visible in the shadowgraph, but clearly evident in all three nozzle's PIV measurements is a subsonic region bounded by slip lines emerging from inside the nozzle. These slip lines are caused by Mach disks inside the nozzles, and we take the width defined by them to be an indicator of the diameter of the Mach disk that created them. Figure 9 shows the width between the slip lines at x/D e = 0.125. The slip lines at this location lie in the region upstream of the first lip shock or expansion wave where the Mach number is governed by the nozzle geometry and not yet influenced by the ambient pressure. All pressure ratios for each nozzle are shown, and for each nozzle they lie in nearly horizontal ver 1.05 lines. It is clear that the width of this subsonic region is dominantly a function of the nozzle geometry and only weakly a function of pressure ratio. A higher design Mach number yields a narrower slip line. There is a slight reduction in the size of the subsonic region with increasing M j .
For the lowest pressure ratio for each nozzle, the cases where the lip shocks form Mach disks, a second slip line is generated by these external Mach disks. These external disks are larger in diameter than the internal ones and their slip lines surround the slip lines from inside the nozzle. For the M d = 1.5 nozzle this second slip line is also faintly visible in the shadowgraph Figure 4 .
The position of the initial throat wave reflection is shown in Figure 10 . M d = 1.3 is omitted since the initial reflection for this case is inside the nozzle where we cannot see it. Again, the dominant parameter is the nozzle geometry, M d , but there is a weaker dependence on M j which becomes stronger as M d rises. The centerline axial velocities are plotted in Figure 13 . In this case they are normalized by the fully expanded velocity U j = a • M j . These plots show that the velocities begin to fall for all pressure ratios by around x/D e = 7 for M d = 1.3 indicating the end of the potential core. Oscillation in center velocity continues past this point for the underexpanded cases, however, so the potential core is ending before the shock train ends. The dips in the curves for the underexpanded cases are not due to reduced rms in the shear layer, but rather from departure of the shear layer from the line r/D e = 0.5 as the jet becomes significantly underexpanded, the shock cells take on the classical barrel shape. As the shear layer expands in the middle of the cells it moves off the lip line, so the rms along the lip line is reduced except at the ends of the cells where they come back to the lip line.
The PIV and shadowgraph measurements reveal no shock-free conditions above the pressure ratio at which shocks first form. Further evidence that no shock-free flow exists for this type of nozzle near the design condition lies in the acoustic measurements. Figure 18 shows the acoustic spectra observed in the far-field at an inlet angle of 35°. This is the angle at which both broad-band shock-associated noise and screech most strongly propagate. Each nozzle was operated at closely spaced nozzle pressure ratios and the far-field spectra were recorded. For all three nozzles the screech tones are very clear. They weaken somewhat near the design condition and appear to switch modes somewhat above the design condition, but they are never absent. The broad-band shock-associated noise is present and undiminished right through the neighborhood of the design condition.
Discussion and Conclusion
The conic C-D nozzles we study in this paper exhibit the features we expect of underexpanded or overexpanded jets from the more familiar contoured C-D nozzles. The overexpanded conditions generate a lip shock which evolves as we expect to produce shock cells. When the degree of overexpansion is high enough, a Mach disk forms outside the nozzle. The underexpanded conditions generate Prandtl-Meyer waves, which evolve as we expect to produce shock cells as well. When the degree of underexpansion is sufficiently high, we see the curved jet boundary forming barrel cells.
No shock-free condition is present in jets from these nozzles above the pressure ratio at which shocks first form. This is confirmed by shadowgraph, PIV and acoustic measurement. Screech tones become somewhat weaker near the design NPR but do not vanish. There is a shift in frequency of the screech at an NPR slightly above the design condition indicating a change in oscillation mode. Broad-band shock-associated noise does not diminish near the design point. This is due to the non-parallel flow at the exit of these nozzles under all ver 1.05 conditions. Since the expansion contour is conic, the flow exiting the outer edge of the nozzle will have a radially outward component of velocity under all conditions. In order to achieve parallel flow, there must be turning of a supersonic flow, and this will produce a shock even when the pressures are matched perfectly.
These nozzles also produce shock cells from a second source. They produce shocks from the throat. For all three nozzles we examined ranging from M d = 1.3 to 1.65, these shocks formed a Mach disk inside the nozzle. These shocks emerged from the nozzle to reflect off of the shear layer as Prandtl-Meyer fans and set up shock cells of their own. This second set of shock cells is superimposed on the cells from the lip generating a double-diamond appearance. As the two shock-cell trains propagate downstream they eventually coalesce into a single set of shock cells after two or three cells.
This second shock originating at the throat may be characterized by the diameter of the internal Mach disk and by the position of the first reflection of the throat wave back inward. Both of these parameters are strong functions of the nozzle geometry as expressed as M d and more weakly a function of the pressure inside the nozzle which may be expressed in terms of nozzle pressure ratio or fully expanded Mach number, M j .
LES captures the existence of the throat shocks and the internal Mach disk if the grid density is sufficient near the centerline in the nozzle. We have shown elsewhere [6] that the LES did capture most of the acoustic characteristics of this jet even when the internal Mach disk was not resolved. The size of the shock cells is smaller than those from an equivalent contoured nozzle. The shock cell size L s follows the trends described in the Prandtl-Pack relationship, but in all cases the shock cell size was smaller than Prandtl-Pack predicts by 9% to 25%. ver 1.05 
